Improvement of nutritive value of crop plants, in particular the amino acid composition, has been a major long-term goal of plant breeding programs. Toward this end, we reported earlier the cloning of the seed albumin gene AmA1 from Amaranthus hypochondriacus. The AmA1 protein is nonallergenic in nature and is rich in all essential amino acids, and the composition corresponds well with the World Health Organization standards for optimal human nutrition. In an attempt to improve the nutritional value of potato, the AmA1 coding sequence was successfully introduced and expressed in tuber-specific and constitutive manner. There was a striking increase in the growth and production of tubers in transgenic populations and also of the total protein content with an increase in most essential amino acids. The expressed protein was localized in the cytoplasm as well as in the vacuole of transgenic tubers. Thus we have been able to use a seed albumin gene with a well-balanced amino acid composition as a donor protein to develop a transgenic crop plant. The results document, in addition to successful nutritional improvement of potato tubers, the feasibility of genetically modifying other crop plants with novel seed protein composition.
Improvement of nutritive value of crop plants, in particular the amino acid composition, has been a major long-term goal of plant breeding programs. Toward this end, we reported earlier the cloning of the seed albumin gene AmA1 from Amaranthus hypochondriacus. The AmA1 protein is nonallergenic in nature and is rich in all essential amino acids, and the composition corresponds well with the World Health Organization standards for optimal human nutrition. In an attempt to improve the nutritional value of potato, the AmA1 coding sequence was successfully introduced and expressed in tuber-specific and constitutive manner. There was a striking increase in the growth and production of tubers in transgenic populations and also of the total protein content with an increase in most essential amino acids. The expressed protein was localized in the cytoplasm as well as in the vacuole of transgenic tubers. Thus we have been able to use a seed albumin gene with a well-balanced amino acid composition as a donor protein to develop a transgenic crop plant. The results document, in addition to successful nutritional improvement of potato tubers, the feasibility of genetically modifying other crop plants with novel seed protein composition. O ne of the goals of plant genetic engineering has been to create crops that are tailored to provide better nutrition for humans and their domestic animals. A major target has been the improvement of the amino acid composition of seed proteins, because animals, including humans, are incapable of synthesizing 10 of the 20 amino acids needed for protein synthesis, and these ''essential'' amino acids must therefore be obtained from the diet. Advances in plant tissue culture techniques and gene transfer technology have opened up possibilities for modifying the amino acid contents of plants. One approach has been to manipulate the regulation of amino acid biosynthesis to increase the abundance of a particular amino acid. Mutant selection and engineering genes encoding key enzymes of amino acid biosynthetic pathways have been used to increase amino acids in crop plants (1) . However, an increase in the free essential amino acids does not lead to an increase in the fixed content, and the amino acids could be leached out from the plant tissue and lost during boiling and other processing (2, 3) . An alternative approach is the insertion and the expression of gene(s) encoding essential amino acid-rich proteins in transgenic plants.
Potato is the most important noncereal food crop and ranks fourth in terms of total global food production, besides being used as animal feed and as raw material for manufacture of starch, alcohol, and other food products. The essential amino acids that limit the nutritive value of potato protein are lysine, tyrosine, and the sulfur-containing amino acids methionine and cysteine (4) . In quality improvement programs of potato, the priorities have been to improve disease and pest resistance (5) (6) (7) (8) , to increase yields (9) , and to increase adaptability to biotic and abiotic conditions (10) (11) (12) , whereas nutritional status has remained secondary. In an attempt to develop economically important crop plants with improved nutritional quality, our laboratory earlier reported the cloning of a gene that encodes a seed-specific protein, amaranth seed albumin (AmA1) from Amaranthus hypochondriacus (13) . This gene has been patented (14) . The AmA1 protein has great potential as a donor protein for the following reasons: (i) unlike most seed proteins, it is a well-balanced protein in terms of amino acid composition and even better than the values recommended by the World Health Organization for a nutritionally rich protein; (ii) it is a nonallergenic protein in its purified form; and (iii) unlike many seed storage proteins, AmA1 is encoded by a single gene and thus would facilitate gene transfer into target plants with less difficulty. In this paper, we report the tuber-specific as well as constitutive expression of AmA1 in potato by using granulebound starch synthase (GBSS) and cauliflower mosaic virus (CaMV) 35S promoters, respectively. The expression of AmA1 in transgenic tubers resulted in a significant increase in most essential amino acids. Unexpectedly, the transgenic plants also contained more total protein in tubers compared to control plants. These findings demonstrate the feasibility of using the AmA1 gene in genetic engineering to improve the nutritive value of other nonseed and grain crops.
Materials and Methods
Construction of AmA1 Expression Plasmids. The AmA1 coding region was amplified by PCR using F51 (5Ј-CACCATGGCGG-GATTACCAGTG-3Ј) and R1044 (5Ј-CAAGGAAGAAC-CCTCTTGTTTCC-3Ј) as forward and reverse primers, respectively. The F51 primer was designed such that the 5Ј end had a four-base mismatch with AmA1 gene to create an NcoI site just flanking the start codon ATG for better translational efficiency. The PCR-amplified fragment was digested with BamHI, and the 0.9-kb fragment containing the AmA1 coding region was translationally fused with ␤-GUS gene at the BamHI site of pBI221 and named as pSB2. The chimeric plasmid pSB6 was constructed by a three-stage cloning wherein the AmA1 C-terminal part was taken as a 0.652-kb NdeI-SacI fragment from pAmA1.3 (13) and a 1.294-kb HindIII-NdeI fragment containing CaMV 35S promoter and AmA1 N-terminal part from pSB2. These two gene pieces were cloned back into the 2.96-kb HindIII-SacI backbone of pBI221. In the next step, pSB8 was made by replacing the HindIII-SacI fragment of pBI121 with the same fragment of pSB6 for use in Agrobacterium-mediated transformation (Fig. 1A) .
A GBSS gene promoter was used to obtain tuber-specific high
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. To obtain a rapid growth of calli, two to three transfers were made onto fresh PR medium. Shoot-buds were initiated on selective and regenerative medium, PRS (PR medium containing 250 mg͞liter cefotaxime and 100 mg͞liter kanamycin). Kanamycinresistant shoot-buds (5-6 mm) were transferred onto rooting medium (MS basal medium containing 2.5% sucrose, 0.2 mg͞ liter indoleacetic acid, solidified with 0.6% agar) supplemented with 100 mg͞liter kanamycin. For each transformation, 40 independent transgenic plants were regenerated.
Nucleic Acid Isolation and Analysis. DNA from transgenic plantlets was isolated (19) and the approximate copy number of the AmA1 sequence and the site of integration were detected by Southern blot analysis. The intactness of the AmA1 gene in transgenic plants was determined by PCR using F51 and R1044 primers. Total RNA was extracted from leaves, stems, and tubers of pSB8G plants and tubers of pSB8 plants by the method of Powlowski et al. (20) . The reverse transcription (RT) was done by using GeneAmp EZ rTth RNA PCR kit (Perkin-Elmer). The RT-PCR was carried out with 20 pmol each of AmA1 genespecific primers F51 and R1044, 300 M each dNTP, 2.5 mM Mn(OAc) 2 , 2.5 units of rTth DNA polymerase, and 1 g of template RNA in a 25-l reaction volume. The cDNA was synthesized by initial denaturation at 94°C for 2 min and set to RT at 60°C for 30 min. In the next step, the mixture was again denatured at 94°C for 2 min followed by 40 cycles each of denaturation at 94°C for 1 min, annealing and extension at 60°C for 1 min each, and final extension at 60°C for 7 min.
Protein Extraction and Immunoblot Analysis. Soluble protein was extracted from 250 mg of tissue of transgenic tubers in 0.5 ml of extraction buffer (25 mM Tris⅐acetate, pH 8.5͞0.5 M NaCl͞5 mM PMSF). The homogenate was centrifuged at 12,000 ϫ g for 10 min. Protein concentration in the supernatant was measured by using the Bradford protein assay kit (Bio-Rad), and aliquots of 50 and 100 g of protein from pSB8G and pSB8 tubers, respectively, were precipitated with trichloroacetic acid and denatured by boiling for 5 min in sample loading buffer (21) . The proteins resolved in SDS͞PAGE were immobilized onto Hybond-C membrane as described earlier (22), and AmA1 was detected with a rabbit polyclonal AmA1 antibody in combination with alkaline phosphatase-conjugated goat anti-rabbit IgG. Coomassie blue-stained gels were loaded with 100 g of soluble tuber protein for both pSB8 and pSB8G transgenic lines.
Immunoelectron Microscopy. Tuber sections were fixed in 4% paraformaldehyde and 1% glutaraldehyde in 0.1 M PBS (pH 7.2), dehydrated over grades of ethanol at 4°C, and embedded in LR-white resin (Hard). Thin sections (60-90 nm) lifted onto 400 mesh nickel grids were blocked with 3% BSA in Tris-buffered saline (TBS) for 1 h at room temperature. Immunolabeling was done with polyclonal rabbit anti-AmA1 antibody diluted 1:100 in TBS containing 1% BSA and 0.02% sodium azide overnight at 4°C. Untransformed tuber sections were taken as controls. The grids were incubated with AuroProbeEM GAR G15 (Amersham Pharmacia) at a dilution of 1:50 in TBS containing 0.5% Tween 20 for 1 h at room temperature. Grids were postfixed in 2.5% glutaraldehyde in 0.1 M PBS (pH 7.2) for 10 min and stained with 2% aqueous uranyl acetate for 20 min at room temperature. Electron micrographs were taken with a Philips CM10 transmission electron microscope.
Amino Acid Analysis. The amino acid composition of pSB8 and pSB8G tubers along with A16 tubers was determined by using a C 18 HPLC column equipped with an online Pico Tag amino acid analyzer (Waters). Total soluble protein from wild-type and transgenic tubers was precipitated with 10% trichloroacetic acid on ice for 45 min, washed with ethanol͞ether (1:1, vol͞vol), and lyophilized. Acid hydrolysis and derivatization of lyophilized protein with phenyl isothiocyanate (PITC) was done as per the Pico Tag manual. The PITC derivative of each amino acid was detected by absorbance at 254 nm.
Results

Construction of Expression Plasmids and Stable Integration of Trans-
gene. The expression plasmid pSB8 was constructed by using AmA1 coding sequence along with 102 bp of 3Ј AmA1 untranslated region under the control of CaMV 35S promoter in pBI121 and pSB8G, wherein 35S promoter was replaced by GBSS promoter ( Fig. 1 A and B) . The presence of AmA1 gene in transgenic plants was detected by PCR amplification of AmA1 inserts using gene-specific primers. An amplified product of 1.02-kb fragment was detected in both pSB8 and pSB8G plants ( Fig. 2 A and B) . The approximate copy number and site of integration was detected by Southern hybridization. As the AmA1 full-length coding region was used as a probe and NdeI has a single restriction site in it, the transgenic plants with a single copy insertion should give two bands, whereas plants with two copy insertions should produce four bands and so on. Similarly, BglII having no site in the AmA1 coding region should yield a single band for a single-copy insertion and two bands for two-copy insertions. Southern analysis showed one to three copy insertions in different transgenic lines of pSB8 and pSB8G plants ( Fig. 2 C and D) . Each transgenic plant showed a characteristic restriction pattern, indicating that it is an independent transformant. The transgenics containing one to three copies of transgene were subsequently transferred to the field and allowed to set tubers for detailed analysis.
Constitutive and Tissue-Specific Accumulation of Transcripts. Total RNA was isolated from the leaves, stems, and tubers of pSB8G plants and only from the tubers of pSB8 plants. Although there was no RT product in the case of untransformed plants, a 1.02-kb RT product was detected in all transgenic lines, which confirmed the accumulation of mRNAs in transgenic lines. As expected, the transcript level in pSB8G tubers was 5-to 10-fold higher than in pSB8 tubers (data not shown). Based on the band intensity on ethidium bromide-stained gels, it appeared that the transcripts were most abundant in tubers, followed by stem and leaf tissues in pSB8G plants (data not shown). This can be explained by the fact that GBSS promoter is more active in stolons and tubers than in leaves (15) .
Immunodetection of AmA1 Protein in Transgenic Tubers.
The expression of AmA1 resulted in the accumulation of recombinant proteins at various degrees (10-to 20-fold) among transgenic lines, probably because of position effects (23) . This result is similar to that in an earlier report, where it was shown that the expression level in individual transformants varied even at identical gene copy number (24) . The 35-kDa AmA1 protein was detected in both pSB8 and pSB8G immunoblots ( Fig. 3 A and B) ; however, as expected, the expression in pSB8G-tubers was much higher as compared with pSB8 tubers. The immunoblots of both pSB8 and pSB8G tubers revealed another distinct band of approximately 50-kDa size, which crossreacted with AmA1 antibody. This higher molecular mass protein band could be the result of glycosylation of AmA1 protein, as glycosylation is a Table 1 . Wild-type and transgenic potato plants in restricted experimental plots were grown to maturity in the winter season and tubers were harvested. Protein was extracted from the tubers and used for amino acid analysis. Values are presented as the mean Ϯ SE for three each of wild-type and transgenic plants.
common phenomenon in tuber tissues. Moreover, AmA1 protein has three putative N-linked glycosylation sites (13) , and, therefore, it was imperative to check the deglycosylation pattern in tuber proteins. However, there was no deglycosylation in 50-kDa polypeptide on EndoH treatment, although other major tuber proteins such as patatin were deglycosylated (data not shown). Moreover, no major change in tuber soluble protein profiles on Coomassie blue-stained polyacrylamide gels was observed (data not shown).
Subcellular Localization of AmA1 Protein in Transgenic Tubers.
To understand the basis for the stability of AmA1 protein in tuber cells of transgenic plants, the subcellular localization of AmA1 protein in both pSB8 and pSB8G tubers was studied by immunocytochemistry along with transmission electron microscopy. No signal was detected in sections visualized from wild-type tuber (Fig. 4A) . The AmA1 was found to be present mainly in the cytoplasm and to a lesser extent in the vacuoles (Fig. 4 B-D) , not accumulating into characteristic protein bodies.
Increased Amino Acid Profile in Transgenic Tubers. Based on AmA1 expression level, five pSB8G and six pSB8 highly expressed transgenic lines were selected for amino acid analysis. The amino acid content, determined in triplicate for each line, showed an increase in all essential amino acids in both categories of transgenics (Table 1 ) with respect to wild-type A16 genotype. When compared among pSB8 populations, the highly expressing tubers (pSB8-3) showed a significant 2.5-to 4-fold increase in lysine, methionine, cysteine, and tyrosine contents, which are otherwise limited in potato. As expected, their amounts in the highly expressing pSB8G tubers (pSB8G-5) appeared to be 4-to 8-fold (Fig. 5) . These findings are consistent with the immunoblot data (Fig. 3 A and B) , wherein the expression of AmA1 was found to be 5-to 10-fold higher in pSB8G tubers than that in pSB8 tubers. The amino acid composition of different proteins separated on the basis of molecular weight and transferred on a poly(vinylidene difluoride) membrane from the same gel did not show any appreciable change (data not shown), thereby suggesting the increased level of essential amino acids was not at the expense of other endogenous proteins of the A16 genotype.
Analysis of Wild-Type and Transgenic Potato Lines in a Restricted
Experimental Plot. The potato tubers were characterized from four plants of A16, and each independent transgenic line was selected on the basis of AmA1 expression. A total of 16 independent pSB8 and eight independent pSB8G plants were tested for two consecutive years, and the results were consistent. A significant change in the forage parts of the transgenic lines as well as in the growth and production of tubers was observed. The most striking change was observed in respect to total protein content (35-45% increase) in transgenic tubers, which was increased in broad correlation with the increase of most essential amino acids (Table 2 ). There was a more than 2-fold increase in tuber number in both pSB8G and pSB8 lines with higher levels of transgene expression. Besides increase in tuber number, there was a 3.0-to 3.5-fold increase in tuber yield in terms of fresh weight, and a similar trend was observed with most transgenic lines tested.
Nonallergenic Nature of AmA1 Protein. In many cases, animal feeding experiments have been suggested for allergenicity tests. However, these tests are plagued with problems such as high levels of variation in results between experimental groups. It is also difficult to feed relevant doses of purified protein or genetically modified foods to laboratory animals for sufficient periods to allow reliable extrapolation of the results to humans. Therefore, to determine whether AmA1 protein is allergenic or not, the following animal experiment was carried out. In this experiment, 6-wk-old BALB͞c mice were injected with 30 g of purified AmA1 protein intranasally as well as intraperitoneally with two successive boosters given at 1-wk intervals. Serum was collected and an ELISA was done to measure IgG and IgE levels. Although the IgG level was high enough, IgE could not be detected.
Discussion
To introduce the amaranth albumin gene into potato, a simple transformation and regeneration protocol was developed. The regeneration protocol involves a single medium composition throughout, and transformants were obtained within 6-8 wk. The diploid potato genotype, A16, that is resistant to Phytophthora infestans, the most devastating pathogen, was used in this study.
Efforts have been made to express seed proteins with unusually high methionine͞cysteine content at a high level to increase the nutritive value of legume seeds. Although the 2S albumins from Brazil nut and sunflower contain 18% methionine͞8% cysteine and 16% methionine͞8% cysteine, respectively, they have lower levels of other essential amino acids. Eventually, when introduced in target plants, they resulted in dramatic increase only in methionine, along with a significant decrease in cysteine content (25, 26) . This result reduces the usefulness of such proteins as a means of improving nutritional quality of recipient plants if they are deficient in any other essential amino acids. In contrast, AmA1 protein is well balanced and rich in all essential amino acids, including lysine, tryptophan, tyrosine, and sulfur-containing amino acids (13) . More importantly, plans for commercial development of genetically engineered crops to boost their amino acid content by using Brazil nut 2S albumin were abandoned because it is highly allergenic in its purified form and in extracts of transgenic seeds (27) . Most allergenic proteins tend to have characteristic sequence stretches. However, we did not find any such sequence homology in AmA1 protein when compared with the existing Protein Data Bank. Literature search has not revealed any allergenicity associated with amaranth grain or amaranth forage. Indeed, amaranth meal Potato plants in restricted experimental plots were grown to maturity in the winter season and tubers were harvested. The tuber number, fresh weight, and protein content were determined. Total tuber protein was extracted with 20% trichloroacetic acid and estimated spectrophotometrically. Values are presented as the mean Ϯ SE for four wild-type and three or four transgenic plants.
or flour has been used in the production of unleavened bread in Mexico and Central and Latin America. Grain amaranth is also used in many other foods throughout the world. The fact that amaranth forage has been an important component of human diet, perhaps the most widely eaten vegetable in the humid tropics for centuries, also suggests its nonallergenic nature. Moreover, animal feeding trials with a rat population eating seed grain of A. hypochondriacus have shown that the grains are suitable as animal feed (28) . In addition, the hypersensitivity test in an animal model in this study also showed that AmA1 protein does not evoke any IgE response, which negates the possibility that the protein is allergenic.
The AmA1 protein was found mostly in the cytoplasm and to a lesser extent in the vacuoles of tuber parenchyma of transgenic plants. However, AmA1 protein in its native form in amaranth seeds is present in protein bodies (unpublished data). It is very likely that a vacuolar form of AmA1 also exists in transgenic plants. Solubility of a protein is a pH-dependent phenomenon, and thus solubilization of any protein near its isoelectric point is minimized. Since the isoelectric point of AmA1 is 7.4 (13), it is quite possible that the protein remains soluble in an acidic environment within the tuber vacuole, hence does not aggregate into protein bodies.
At the biochemical level, expression of AmA1 in both categories of transgenics leads to a high increase in all essential amino acids, particularly lysine, tyrosine, and the sulfur amino acids with corresponding increase in total protein content. Although the biological function of AmA1 is not known, it is conceivable that induction of protein synthesis or mitogenic activity might be the result of overexpression of AmA1 or its turned-over products as signal molecule. Because potato constitutes an important part of the diet of many people in developed as well as developing countries, the target of this work is to improve human nutrition. We are not aware of any other report where expressing a foreign protein with a well balanced amino acid composition led to an increase in the nutritional value of a nonseed food crop. We are currently conducting multicentric field trials to assess the agronomic performance of the promising transgenic lines besides assessing their nutritive value in detailed animal feeding trials.
